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ABSTRACT The absorption spectra of 2D semiconductors are dominated by excitons with 
binding energy of several hundreds of meV. Nevertheless, even single layers show an appreciable 
photovoltaic effect and work as the active material in high sensitivity photodetectors, thus 
indicating some degree of free charge carrier photogeneration. Here, we perform ultrafast transient 
absorption spectroscopy on monolayer MoS2 in a field-effect transistor configuration. We show 
that even a moderate in-plane electric field of a few kVcm-1 can significantly increase the yield of 
charge carriers from photogenerated hot electron-hole pairs. 
 
Introduction 
In the past few years, layered two-dimensional semiconductors such as transition metal 
dichalcogenides (TMDCs) moved into the focus of optoelectronics and nanophotonics research 
due to their exceptionally strong light-matter interaction combined with flexible processing and 
fabrication1-3 and intense nonlinear optical response.4-6 Charge carrier photogeneration is the 
enabling step for photovoltaics and photodetectors. However, photoexcitation in TMDCs 
generates excitons with significant, thickness-dependent binding energy, reaching 400-700 meV 
in the monolayer case.7-9 Hence, efficient photovoltaic and photodetector devices require measures 
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to facilitate exciton dissociation into charge carriers, such as a vertical donor-acceptor 
heterostructure or an engineered p-n junction.10-15 
In few-layer MoS2 and WS2 with exciton binding energies similar to the bulk values (50-150 
meV)16 excitation well above the A and B resonances creates hot electron-hole pairs (C excitons 
at the band nesting region17 and/or charge carriers in the continuum of valence and conduction 
band states). Upon relaxation towards the relative band maxima/minima, they can either separate 
into free charge carriers or form A excitons, which give rise to excitonic photoluminescence (PL). 
In the few-layer case, separation into free carriers with a time constant of approximately 1 ps is 
the dominant process18-23 while in the monolayer case, due to the larger binding energy, a 
significant fraction of A excitons are formed.17, 24-26 However, the observed photovoltaic effect 
and photocurrent suggest that, even if to a lesser extent, charge carriers form also in monolayers. 
The PL quantum yield of monolayer MoS2 decreases as the excitation photon energy increases17,24, 
indicating that also in the monolayer hot electron-hole pairs can separate into free charge carriers. 
Here, to gain further insight into the charge generation mechanism, we propose to modulate its 
efficiency by applying an electric field.27 We use monolayer MoS2 as the channel of a field-effect 
transistor (FET) and apply an in-plane electric field via the source-drain voltage. We first show 
that the PL of MoS2 is progressively quenched upon the application of increasingly strong in-plane 
electric fields. Subsequently, we perform femtosecond optical pump-probe microspectroscopy to 
directly monitor the fate of the photogenerated hot electron-hole pairs and the carriers arising from 
their dissociation. For increasing field strengths, we observe an enhanced formation of carriers 
during the first few ps. Both findings suggest that the electric field facilitates the separation of 
photogenerated charge pairs. The temporal evolution of the charge density provides insight into 
the separation mechanism. 
 4
Results and Discussion 
 
Figure 1. (a) Schematic illustration of the transparent field effect transistor. (b) Optical image of 
the device. Scale bar is 10 µm. (c) Raman modes of the single layer MoS2. (d) Transfer 
characteristic (Ids-Vg) of the device immediately after the microfabrication process. (e) Transfer 
characteristic recorded before the optical measurements. (f) Output characteristic recorded before 
the optical measurements, showing negligible charge injection (for Vg = 0 V). 
 
Figure 1 shows a schematic drawing (Fig. 1a) and an optical microscope image (Fig. 1b) of the 
FET structure used in this study. The transistor is built in a bottom-gate configuration, using 
sapphire as the transparent substrate and 50 nm of indium tin oxide (ITO) as the transparent back-
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gate electrode, thus enabling optical measurements in transmission geometry. The gate dielectric 
consists of 30 nm of HfO2 (ɛr = 19). Figure 1c shows the Raman spectrum of the chemical vapor 
deposition (CVD) MoS2 flake; the distance ∆ω = 19.6 cm-1 between the A1g and the E12g peaks 
confirms the monolayer thickness.28 Figures 1d and 1e present the transfer characteristics of the 
device immediately after fabrication and at the time of transient absorption measurements. The 
increase in turn-on voltage (Von) from 0.8 V to 1.95V is ascribed to adsorption doping since the 
measurements are carried out in air.29 Source-drain voltages Vds up to 5V (at Vg = 0 V, used 
throughout all experiments) are possible without appreciable charge injection, as shown in Fig. 1f. 
This allows to observe the isolated effect of field-induced charge photogeneration without signal 
contributions from injected charges. 
 
Figure 2. (a) Extinction spectrum of the MoS2 monolayer (black curve). Fit by using two Gaussian 
peaks and a generic exponential function to account for the background from various scattering 
mechanisms. (b) PL spectra for different bias voltages applied. The feature at 1.78 eV comes from 
the incomplete subtraction of the sapphire substrate fluorescence (c) Normalized integrated PL as 
a function of the electric field strength. 
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The PL spectrum of monolayer MoS2 upon photoexcitation at 2.54 eV, displayed in Fig. 2b, 
shows one main feature around 1.85 eV,24,25 slightly red-shifted compared to the A exciton 
resonance in absorption30,31 (Figure 2a). The shape of this feature suggests two overlapping peaks, 
one from neutral excitons A0 and one from charged trions A- due to the doping of the 
sample.9,29,30,32,33 If we apply an in-plane electric field via the source-drain voltage, the PL intensity 
progressively decreases as the field increases. For the highest bias used, Vds = 5 V, which 
corresponds to an electric field of 7 kVcm-1 (the distance between the electrodes is 7 µm), the PL 
is quenched by about 35 % (Figure 2c). The field-induced PL quenching is weaker than that 
observed in heterostructures such as MoS2/WSe2,11,34 where the integrated PL at the heterojunction 
decreases, respectively, by 81% and 98% compared to isolated MoS2 and WSe2 monolayers. In 
the heterojunction the band alignment promotes the charge separation and the charge transfer 
mechanism is faster than any other radiative or non-radiative decay channel. The field-induced PL 
quenching observed here can in principle have two different origins: either the A excitons and 
trions, which give rise to PL, have a certain field-enhanced possibility to dissociate during their 
lifetime, or the field modifies the branching ratio between bound states (A excitons and trions) and 
free carriers during the initial relaxation of hot charge pairs. 
In order to resolve the temporal dynamics of the field-induced charge generation we employed 
electric-field-assisted pump-probe microspectroscopy. The microscope is built in collinear 
geometry (Figure 3a). A broadband white light probe is focused by a reflective microscope 
objective onto a spot of ~800 nm diameter. By using a piezo-nanopositioner we scan the sample 
in the probe beam focus. Once the area of interest is selected, the probe is centered inside the FET 
channel and a pump pulse is successively focused onto the sample collinearly with the probe (spot 
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size 5 times bigger than the probe). To allow some degree of charge photogeneration even in the 
absence of an electric field and to facilitate a comparison with previous studies,18-22 we use the 
customary pump pulse photon energy of 3.1 eV, well above the electronic bandgap of MoS2, where 
we expect a branching between the formation of excitons and free carriers already without electric 
field.17 In order to keep re-excitation or de-excitation by the probe at negligible levels, the probe 
fluence is kept much lower than the pump fluence. 
 
Figure 3. (a) Schematic illustration of the pump-probe microscope setup. (b) The measured 
transient transmission contour plot as a function of the probe photon energy and pump-probe delay 
(at 5 V). (c) Simulated transient transmission contour plot according to the model described in the 
text. (d) Dynamics at 1.85 and 2.05 eV with (bottom-panel) and without field (top-panel). Points: 
experimental data. Solid lines: fits according to the model described in the text. 
 
The transient relative change in transmission ∆T/T is directly related to the photoinduced change 
in the absorbance: 
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∆

≈ − ∆, 	
                                                                                                                       (1)   
with 	 the absorption coefficient and d the sample thickness. The absorption coefficient 
can be expressed as the product of the density of absorbers n and their absorption cross-section 
	:        	 = ∑ 	  so that its time-dependent change becomes: 
 ∆, 	 = ∑ , 	∆	+	∆, 	                                                                   (2) 
In most cases, the first term in Equation (2) dominates and the signal dynamics follows the 
evolution of excited states’ populations. However, Stark effect due to photogenerated charges35, 
the Burstein-Moss effect,36 and, in particular, band-gap renormalization37 may induce an 
appreciable change in the absorption cross-section, leading to a non-negligible second term. 
Nevertheless, in all three mechanisms the effect is due to the presence of photoexcited states, 
hence, ∆σ  should also follow their population. It is therefore justified to assume that the ∆T/T 
signal evolution follows the photoexcited states’ population dynamics. 
Figure 3b shows the 2D ∆T/T plot as a function of the probe photon energy and pump-probe 
delay. The spectra show two photoinduced absorption (PA) features (negative signal at the spectral 
windows around 2.4eV and 1.8eV) and a photobleaching (PB) peak (positive signal) in 
correspondence of the excitonic resonances A and B which, for excitation at 3.1 eV, tend to merge 
in a single peak37. The PB rises with the instrumental response function (pump-probe cross-
correlation) and decays and narrows with increasing delay. The two PA features also form 
immediately, but continue to grow and to broaden. Such behavior suggests that the signal 
originates from at least two distinct excited state populations, a primary one that is directly created 
by photoexcitation, and a secondary one that forms from the relaxation of the former. The primary 
 9
population are the hot electron-hole pairs created by photoexcitation, while the secondary one is 
an ensemble of excitons, trions and free carriers, in unquantified proportion. 
Figure 3d shows the time evolution of the signal at two selected probe photon energies: the PB 
at 2.05 eV, which forms within the time resolution of the instrument and decays rapidly, and the 
PA at 1.85eV which shows a delayed formation after the initial rise. Both the PB decay and the 
PA formation can be fitted as a single-exponential process with a time constant of 800 fs, which 
is very similar to the 700 fs reported for multilayers18 and is indicative of the time scale for the 
relevant relaxation processes of hot charge pairs into A excitons and free carriers.  
To model the signal over the first few picoseconds, we describe the time-dependent populations 
in Equation 2 by a system of rate equations. We assume that photoexcitation creates a primary 
population P(t) of hot electron-hole pairs. P(t) evolves into a secondary population S(t) of excitons 
and free carriers with a time constant τ1= 1/k1: 


= 	 −    


= +                                                                                                                               (3) 
with G(t) the generation term (pump-probe cross-correlation, approximated as a Gaussian). This 
simple model reproduces the data very well (Figure 3c) with a time constant τ1= 800 fs. 
The spectral contributions of the ensemble populations P(t) and S(t) are shown in Figure 4a. The 
main difference is that S(t) has a weaker and narrower PB and a stronger and broader PA on the 
low-energy side. Figure 4b shows the population dynamics, which is well described by the 
evolution of one ensemble into the other during the relaxation with a time constant τ1. As has been 
shown recently,37 the excitation of hot electron-hole pairs does not immediately change the 
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occupation of the states relevant for the A and B absorption peak. The ∆T/T signal immediately 
after photoexcitation is dominated by the second term of Equation (2) due to a combination of 
band gap renormalization and screening of the exciton binding energy, which leads to a spectral 
shift of the absorption spectra. Subsequently, the relaxation towards excitons and trions as well as 
free charges changes the relevant states’ population and the first term of Equation (2) becomes 
more important for the ∆T/T signal. Its most dominant features are the bleaching of the excitonic 
transitions and the PA feature below 1.9 eV due to free carriers.18,19,21 
 
Figure 4. (a) Spectral contributions of primary (top panel) and secondary (bottom panel) 
populations with and without electric field. (b) Time dependent primary and secondary populations 
with and without electric field. 
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Upon applying an in-plane electric field of 7kVcm-1, as in the PL quenching experiments, τ1 
reduces to 600 fs (Fig. 4b) and the difference between the spectra of the ensembles P(t) and S(t) 
becomes more pronounced (Fig. 4a): the PB of S(t) is weaker and the low energy PA is stronger 
than in the absence of electric field. This suggests that the applied field increases the concentration 
of charges in the ensemble S(t) by enhancing the charge separation yield. 
To further illustrate the differences in the evolution of the ∆T/T spectrum with and without the 
electric field we now consider the field-induced spectrum ∆2T/T defined as the difference of the 
∆T/T spectra in the presence and in the absence of an electric field: 
∆

, 	 = ∆

, 	 −
∆

, 	 = −
 ∑  ∆!	" 	 − 
 ∑ 	 ∆!	"       (4) 
The first term in Eq. (4) describes field-induced changes (indicated with ∆F in the equation) in 
the excited state populations while the second term indicates field induced changes (∆F) in the 
absorption cross section (Stark shift of the excited state38,39). The most important effect of the 
electric field is an increase of the PA of the secondary population over the energy interval 1.65-
1.85 eV (Figure 5a). This increase is of similar magnitude as the ∆T/T signal itself, pointing 
towards a sizable increase in the charge density due to field-induced charge separation. The 
temporal evolution of this signal, integrated over the energy interval 1.65-1.85 eV, is shown in 
Figure 5b. Initially, when the amount of extra charges is negligible, the signal is positive, since it 
is dominated by the red-shifted PB of excitons, attributed to the Stark effect, seen in Figure 4a. 
Gradually, as the field-induced population of charges builds up over a few ps, their PA starts to 
dominate the whole spectral window. 
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Figure 5. (a) ∆2T/T spectral feature for three different delays (0.5, 1.5, 3 ps). (b) Temporal 
evolution of the absorption feature, observed in the ∆2T/T signal, averaged over the energy interval 
1.65 - 1.85 eV. 
 
From the field-induced PL quenching together with the field-induced enhancement of the charge 
contribution to the ∆T/T signal, we can now develop a scenario of the photoexcitation dynamics 
in monolayer MoS2 and related materials in the presence of an electric field. Photoexcitation with 
a photon energy above the A and B exciton resonances creates hot electron-hole pairs. “Hot” in 
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this context means that to relax towards the lowest excited state – the A exciton – multiple electron-
phonon scattering processes are necessary. We find a characteristic time scale of 600-800 fs for 
this relaxation. At the end of this relaxation process we have a Coulombically interacting electron-
hole pair with a certain spatial separation ri as the result of the multiple scattering events. As 
commonly described by the Onsager theory of geminate recombination, 40-42 this electron-hole pair 
can either coalesce into an exciton or the two carriers can separate in a random walk driven by 
scattering with the phonon bath. The branching ratio depends on the available phonons – and hence 
on the sample temperature and the excess energy of the exciting phonon, and on the initial 
separation. An applied electric field can both increase the separation and also tilt the Coulombic 
potential, making the separation more favorable. The combined action of these processes shifts the 
branching ratio towards charge separation, resulting in a lower PL quantum yield and a stronger 
yield of photogenerated charges. 
 
Conclusions 
We have studied the optical response (PL and ultrafast transient absorption) of monolayer MoS2 
in the presence of an electric field. Our results show that a moderate electric field of a few kVcm-
1
 can significantly modulate the branching between different relaxation paths for photogenerated 
hot electron-hole pairs in monolayer MoS2: towards photoluminescent A excitons and trions on 
the one hand, and free carriers on the other. The electric field skews the ratio towards free carriers, 
suggesting a field-induced charge separation during the hot charge pair relaxation. For a 
subsequent dissociation of the relaxed excitons due to the distortion of the excitonic Coulomb 
potential, the in-plane field is too weak.40,43 During the relaxation, the carriers undergo multiple 
scattering processes upon phonons and defects. In the course of this diffusive process, a certain 
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fraction of the charges form excitons or trions, while the others separate and contribute to the 
photocurrent. The electric field increases the average separation and enhances the photocurrent on 
the expense of PL. Due to this mechanism, a relatively modest electric field can increase the yield 
of charge carrier photogeneration and hence the efficiency of photodetectors and photovoltaic 
elements based on TMDC monolayers. 
 
Materials and Methods 
The transistor is built according to the structure in Ref 44, using c-plane sapphire as the 
transparent substrate and 50 nm of ITO as the transparent back-gate electrode. The gate dielectric 
consists of 30 nm of HfO2 deposited by atomic layer deposition; the source and drain electrodes 
are made of Ti/Au (5/50nm thickness). Monolayer MoS2 has been grown by CVD on c-plane 
sapphire following the method in Ref. 45. As-synthesized MoS2 was transferred from the sapphire 
to the target substrate (sapphire/ITO/HfO2) by using PMMA A2 as a support film and etching in 
30% KOH as described in Ref. 45.  
PL on the MoS2 FET was measured with an NT-MDT NTEGRA SPECTRA confocal PL-Raman 
microscope in backscattering geometry. We used the excitation line at 488 nm and a 100X 
objective (N.A. 0.9) to focus onto a spot size of 2μm. The PL signals were detected with a CCD 
array at −80°C. We kept the laser intensity below 1kWcm-2. 
For the pump-probe measurements we use an amplified Ti:sapphire laser (Coherent Libra), 
emitting 100-fs pulses at 1.55 eV, with average power of 4 W at 2 kHz repetition rate. A 320 mW 
fraction of the laser power is used for our experiments. The output beam is divided by a 50/50 
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beam splitter into pump and probe lines. We produce ∼100 fs pump pulses at 3.1 eV by second 
harmonic generation. The probe is obtained by white light continuum generation in a 5 mm-thick 
CaF2 plate, filtering out light at the fundamental frequency with a colored glass short-pass filter. 
To have an imaging system the chip carrier is mounted on a translation stage made of two units, a 
motorized 2-axis translation stage for the coarse movement (resolution ~ 625 nm) and a 3-axis 
computer controlled piezoelectric translation stage (with 1 nm resolution) that allows better 
accuracy and to adjust the focus on the sample. With these two translation stages one can raster 
scan the sample in order to get an image. In order to have a high spatial resolution image by raster 
scanning the sample, we need to focus tightly both the pump and the probe beam on the sample. 
To achieve this, without losing temporal resolution and avoiding chromatic aberrations, we use a 
reflective objective with a 15X magnification and a 0.30 numerical aperture (NA) to focus pump 
and probe pulses in collinear geometry (see Figure 3a). Making the diameter of the probe beam 
bigger than the pump before the objective leads to the probe pulse with a sub-micrometer spot size 
on the sample and a pump pulse with a spot size ~5 times bigger. The transmitted probe is collected 
with a 7.5 mm achromatic doublet, dispersed by a CaF2 prism and detected by a Si CCD camera 
with 532 pixels, corresponding to a bandwidth per pixel of 1.1 nm. In this way we obtain a 3D 
transmission map T(x, y, λ) and differential transmission ∆T/T(x,y,λ,t) for a given position (x,y). 
Due to the tight focusing, we needed to use a very low probe intensity so as not to re-excite the 
sample. To increase the counts on the spectrometer and reduce the noise level, we worked with a 
chopper frequency of 125 Hz, always summing over eight consecutive pulses with probe on and 
off, respectively.
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